Both carbonate (as the oil-gas reservoir) and evaporite rocks (as caprock) coexist in the Masjed Soleyman oil field. The Asmari karstic aquifer is formed within Oligo-Miocene carbonate rocks in the south of the oil reservoir. A mixing between fresh karstic groundwater and oil-field brines is to be expected because of underground migration of the brines toward the aquifer. This process can reduce the groundwater quality by both increasing the water salinity and by adding hydrocarbon and sulfur contaminants into the groundwater. Tembi river contains saline water that can affect groundwater resources. Leaking of these brines into the aquifer was distinguished using total dissolved solids, the relative concentration of major elements, bromide ion (as a trace element), total organic carbon, ion ratios, and mixing curve diagrams. The polluted zone was determined by tracking the hydrochemistry changes across the groundwater flow direction. The volume percentage of different water sources in mixed groundwater was calculated and validated using PHREEQC software. The results revealed that the contribution of the oil-field brine in the groundwater is much lower than the salty river brine, but even this low amount has a considerable impact on water quality by increasing water salinity and adding hydrocarbon and sulfur into the groundwater.
INTRODUCTION
oil-field and gas-field brines, sea water intrusion, geothermal and deep-basin water, and dissolution of evaporite rocks (Zarei et al. ) .
in oil-field brines, just a small amount of it incorporates into the crystal structure of halite during evaporation of seawater. Since they have different affinities, Cl is more prone than Br to form salts (Kreitler ) . Therefore, the Br/Cl ratio is typically one or more orders of magnitude smaller in halite dissolution brines than oil-field brines.
Groundwater quality gets altered when moving along its flow path from recharge to discharge areas by mixing of waters and other processes (Appelo & Postma ) . The mixing processes of brine and fresh water were described by Gillespie & Hargadine () , Whittemore & Pollock () , and Richter & Kreitler (b) . Each source of brines leaves an individual fingerprint in groundwater chemistry. Chemical fingerprinting techniques have been used to determine the mixing percentage of different waters in addition to identifying the source of brines.
The salinity resources make about 12.5 million cubic meters of fresh water from Asmari karstic aquifer unusable annually. The potential sources of salinity in the region of interest are oil-field brines and Gypsum-halite formations.
The study of groundwater chemistry in this area is concerned with the aim of helping to manage the aquifer in order to exploit more fresh water, beside controlling the groundwater pollution. The pollution in Asmari karstic aquifer occurs when the intrusion of oil-field brine increases the dissolved materials in groundwater, especially Na-Cl, hydrocarbon and H 2 S, to the extent that hydrocarbons are visible in spring water and there is a strong smell of H 2 S. This paper first describes the hydrochemistry of groundwater and surface water sources in the study area, then detects the presence of different sources of brines in the karstic aquifer. Eventually it provides the contributing percentage of each source in the salinization and pollution of fresh groundwater. These studies are necessary to prevent the degradation of groundwater resources in other regions under similar conditions.
Geology and hydrogeology
Masjed Soleyman oil field is situated in Khuzestan province, southwestern Iran. The crest of the oil reservoir is at a depth of 183 m, which makes it one of the shallowest oil reservoirs of the Middle East (Khedri & Rangzan  and the dissolution process resulted in the formation of the Asmari karstic aquifer in the study area (Figure 1 ). An impermeable clay core limited the interaction between the two flanks of the Asmari anticline. The eastern flank contains high-quality groundwater, while some parts of the western flank contain saline and contaminated groundwater. Since no oil production activities are conducted around the aquifer boundaries, the contamination has occurred as a result of geological processes.
The main discharge point of the aquifer is Garoo spring, with about 400 l/s average annual discharge, issuing from the northwest plunge of the anticline, which has several adjacent outputs and discharges into the Tembi River. The mixing of these two water sources. Generally, springs that originate from limestone and gypsum formations show Ca-HCO 3 and Ca-SO 4 facies, respectively. In the study area, Exp3 and Exp2 samples show Ca-HCO 3 facies, changing to Na-Cl facies toward the discharge area (Table 1) (Figure 3 ). In the northwest plunge of the Asmari anticline, the river water is mixing with Garoo spring water and its salinity (EC) diminishes due to the lower salinity of the spring water. It is believed that the Tembi River also plays a role in feeding the spring. The highest percentage of Cl and Na concentration is related to a sample In fact, groundwater type changes from Ca-HCO 3 to Na-Cl are consistent with the flow direction between these two wells, which represents the migration of brine from the adjacent oil reservoir to the karstic aquifer. This type of brine is leaking into the aquifer continuously and increasingly from the entry point to the discharge point (Garoo spring).
MATERIALS AND METHODS

TOC
Detection of zones contaminated by hydrocarbons and determination of the amount of dissolved hydrocarbons
can be investigated using the TOC content of groundwater.
The oil-field source of organic contamination in groundwater has been proved in previous studies by GC analysis (Mirzaee et al. ). Exp3 and Exp2 samples located in the uncontaminated zone show low TOC (3-7 mg/l). On the other hand, the amount of TOC shows a considerable increase along the flow direction and reveals its maximum (40 mg/l) in the discharge point. Figure 5 shows the amount of leaked hydrocarbons corresponding to its location, which is in accordance with the increase in ion concentration. It suggests that both hydrocarbons and oilfield brine penetrate into the aquifer simultaneously.
Relative concentration of major ions
Water salinity affected by dissolution of evaporites and oilfield brines increases the relative concentration of some ions such as Cl, Na and SO 4 . In the study area, both eva- Although the amount of Mg in the river water is less than in the spring water, the relative concentration of major elements in the river water is similar to Garoo spring. This fact can be related to the absence of dolomite in the evaporite deposits.
Ion ratios
Na/Cl
Leonard & Ward () used the Na/Cl ratio to differentiate halite solution brines. This ratio works well to distinguish halite solution brine from oil-field brine at high chloride concentrations. In most oil-field brines, the molar ratio of Na/Cl is much less than one. If the weight ratio of Na/Cl for water samples is smaller than 0.648, it may indicate intrusion of oil-field brines into the aquifer (Kreitler ) . This ratio is implied for all of the groundwater and river water samples in the study area (Figure 7 ).
Br/Cl
Groundwater mixing process can be investigated by dis- 
SO 4 /Cl
The SO 4 /Cl ratio is an indicator used to recognize the mixing of fresh water and oil-field brines (Whittemore ). Groundwater and surface water samples in the study area were plotted in the SO 4 /Cl versus Cl diagram ( Figure 9 ).
All of the Garoo spring samples and the Exp1 sample reveal the mixing of fresh water and brine. It is worth mentioning that the river water sample collected before joining the spring water (R1) were plotted outside the mixing zone. As expected, fresh karstic aquifer water samples were located outside the diagram.
Groundwater mixing
A method using sulfate ion concentration was presented to determine the mixing of brines and fresh water by Mast (). Factor pairs of calcium-sulfate, magnesium-sulfate, chloride-sulfate and TDS-sulfate were used in this method. The TDS factor includes the combined effect of all the ions existing in the water sources. The chloride factor is the best factor, because there exist wide differences in the concentrations of chloride and sulfate ions relative to each other in oil-field brine and salty river water, with high chlorides in the former and high sulfates in the latter (Mast ) . Accordingly, in this study the diagram of sulfate versus chloride was used to determine the fraction of fresh water, salty river water and oil-field brine in the karst groundwater ( Figure 10 ). These three water sources were considered as end members and were chosen as Exp2, a river water sample before mixing, and the average composition of the waters from eight oil wells, respectively. Furthermore, the TDS factor was used to provide an overall view of the pollutants in the brines. can be found that the salty river water has a more prominent contribution than oil-field brine to feeding the spring. In other words, the volume percentage of river water is several times greater than the oil reservoir brine in the spring.
Determine the percentage of different sources in mixture
Mast () devised a method based on three simultaneous linear equations to determine the percent volume of three sources of water in a mixed water as shown below: 
where: This method takes into account that Cl is a conservative tracer (Tellam ) . In fact, Cl is not usually removed from the system due to its high solubility (Appelo & Postma ) .
In this study, Cls is the chloride content of the oil-field brine and Clf is the chloride content of karst freshwater.
Based on the findings of the contribution of three water sources in Garoo spring, the volumetric percentages from those three sources were calculated for each sample of water taken from the spring, using SO 4 -Cl and SO 4 -TDS factor pairs. For Exp1, which contains only two sources, oil-field brine and fresh water, the percentage of each source in the mixture was calculated using TDS and Cl concentration (Table 2) To ensure the accuracy of calculated percentages for mixing, a simulation was performed by PHREEQC based on the data in Table 2 . In this way, the percentage of the different water sources that contributes in the spring discharge was introduced to PHREEQC and then the hydrochemistry composition of the mixture was calculated as output. The significant correlation between the simulated and analyzed concentrations of major aquatic species that control the spring water hydrochemistry can confirm the results ( Figure 11 ). Figure 11 | Correlation between the concentration of major aquatic species, analyzed in the laboratory and simulated by using PHREEQC. Albeit the salty river water, which originated from evaporite formation in the study area, was not found in the aquifer body, it is recognized in the discharge point of the aquifer (Garoo spring). The salty river water may be infiltrated into the spring by the action of a fault that imposes the river path in this part of the study area. The fraction of salty river water in the spring water was calculated at about 23.4%, but the fraction of oil-field brine does not exceed more than 1%. It should not be ignored that even this small amount of oil-field brine has a significant impact on reducing the karstic groundwater quality.
Determination of both the amount of and sites where salt waters enter into the groundwater body can be useful for management and operation of aquifers, especially when it is necessary to save the water before contamination.
Although pumping of groundwater before mixing with waste water can be considered as a wise strategy, it should be noted that at high rates of pumping more brine can move upwards from the bottom of the aquifer.
